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The bending behavior of double-walled carbon nanotubes (DWCNTs) with sp3 interwall bonding is
investigated by using molecular dynamics simulations. The presence of sp3 interwall bonding is
shown to have a significant influence on the bending properties of DWCNTs and the effects are
strongly dependent on the sp3 distribution density as well as temperature and geometry of
DWCNTs. The adverse initial perturbation dominates at a low distribution density and thereby
making the DWCNTs more susceptible to bending instability. However, the stiffening effect of sp3
interwall bonding is triggered after a sufficiently large distribution density is reached and one can
expect the bending rigidity of the DWCNTs to improve substantially thereafter with increasing
distribution density.VC 2011 American Institute of Physics. [doi:10.1063/1.3569593]
I. INTRODUCTION
In recent years, there has been a considerable amount of
studies devoted to the application of carbon nanotubes
(CNTs) as stiffening fibers in nanocomposites.1–5 However,
the resulting strength and toughness of such composites did
not show the expected significant enhancement because the
superior mechanical properties of CNTs cannot be fully real-
ized.1,2 This may be due to the fact that the inner walls fail
to be involved in resisting the deformation because of the
frictionless interwall interaction in CNTs.6–8 The unfulfilled
potential of CNTs has raised much research interests into
improving their mechanical properties such as filling the
cores of CNTs with foreign materials. Fillers do provide
reinforcement for the hollow CNTs in the radial direction by
preventing the tubes from collapsing and buckling easily. In
2002, Ni et al.9 performed molecular dynamics (MD) simu-
lations on the axially compressed single-walled CNTs
(SWCNTs) filled with C60, He, and CH4. They found that the
critical buckling strains of filled SWCNTs increase by 10%
to 20%, depending on the type and density of the molecules.
Likewise, the mechanical properties of the filled SWCNTs
can be magnified to various degrees when they are subjected
to torsion or combined tension-torsion action.10,11
The mechanical properties of multi-walled CNTs
(MWCNTs) can also be improved considerably by connecting
the interwalls via interstitial atoms or sp3 bonds. Shen et al.12
found that the presence of a few interstitial atoms between the
walls of double-walled CNTs (DWCNTs) increases the stiff-
ness by improving the load transfer between the inner and
outer tubes when they are subjected to tension or compression.
Gruduru and Xia6 conducted experiments on axially com-
pressed MWCNTs and observed that the critical buckling
strains of the MWCNTs are about 40% to 50% larger than
those predicted by existing theoretical models. The enhance-
ment in buckling capacities of MWCNTs is attributed to the
presence of interwall sp3 bonds, which substantially increase
the interwall shear resistance. Xia et al.7 subsequently carried
out MD simulations to explore the effects of the interwall sp3
bonds on the mechanical properties of MWCNTs. Based on
their MD simulations, they found that the presence of sp3
bonds increases the interwall shear modulus and the buckling
resistance to axial loading by facilitating full mechanical par-
ticipation of all walls in the MWCNTs. Experiments con-
ducted by Peng et al.8 showed that the tensile fracture
strengths of MWCNTs are near to the ultimate theoretical
strength due to the irradiation-induced cross-linking defects in
MWCNTs. The electron irradiation produces interwall cross-
links, which in turn leads to a multi-shell failure and thereby
dramatically increases the load carrying capacity with little
reduction in the Young’s modulus and failure strains. Kana-
saki et al.13 showed that femto second-laser excitation is able
to create metastable sp3-bonded carbons between layers of
graphite. Byrne et al.14 performed MD simulations on
MWCNTs with sp3 interwall bonding and found that
MWCNTs have higher strengths than SWCNTs containing
the same size initial intrawall defect, and are far less sensitive
to defect size. In sum, it is confirmed from theoretical studies
that the load transfer capacity of MWCNTs can be enhanced
significantly by the sp3 interwall coupling, which ultimately
make the MWCNTs better reinforcing fibers for composites
than SWCNTs. Very recently, Fonseca et al.15 carried out
detailed investigation on the load transfer between the linked
inner and outer walls in DWCNTs under axial tension. The
presence of cross links can increase load transfer between the
inner and outer walls of DWCNT. In addition, the DWCNTs
with inner and outer walls connected by the direct interwall
sp3 bonds provide better strain transfer and have a higher
Young’s modulus when compared to DWCNTs connected by
the interstitial carbon between the walls. Attempts have alsoa)Electronic mail: yingyan.zhang@uws.edu.au.
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been made by Song and Zha16,17 to explore the mechanical
properties of DWCNTs with regular interwall sp3 bonds under
axial loading as well as torsion. All of these aforementioned
works demonstrate a significant improvement in load transfer
and mechanical properties due to the presence of cross links
such as sp3 bonds.
Although the bending behaviors of MWCNTs have been
extensively examined in the past years, the majority of these
studies have focused on the pristine MWCNTs without con-
sidering any defects. In addition, the above literature survey
indicates that there is absence of the investigation of bending
behaviors of MWCNTs in the presence of interwall sp3
bonds. In view of these facts, we carried out MD simulations
to investigate the bending behaviors of DWCNTs in the pres-
ence of the innerwall sp3 bonds. In this paper, MD simula-
tions are carried out to investigate the effects of sp3 interwall
bonding on the bending behavior of DWCNTs. It will be
shown herein that the critical bending curvature of the
DWCNTs is significantly enhanced by the sp3 interwall
bonding when compared to that of the pristine DWCNTs
without interwall bonding. Furthermore, this enhancement is
observed to be closely related to the density of the sp3 bonds,
as well as the temperature and geometry of DWCNTs.
II. COMPUTATIONAL MODEL
MD simulations are carried out to study the bending
behavior of DWCNTs with different distribution densities of
sp3 interwall bonding. The density of the sp3 bonds is defined
as the numbers of sp3 bonds divided by the average number of
atoms in the two walls.14 The densities considered here range
from 0.22% to 15%. Following the work of Peng et al.,8 (5,5)/
(10,10) DWCNTs with a moderate length of about 72.5 A˚ and
a total of 1800 atoms are considered. The sp3 interwall bonds
in the DWCNTs are generated by incrementally moving two
close atoms (one in the inner tube and the other one in the
outer tube) to the sp3 bond distance which is about 1.54
A˚.7,14,15 For this study, we focus mainly on the DWCNTs
with uniformly distributed sp3 bonds along the length16,17
unless otherwise stated. The sp3 bonds are regularly generated
in the DWCNTs and all the sp3 bonds are uniformly distrib-
uted along the length of the CNTs as shown in Fig. 1.
In the MD simulations, the sp2 intrawall and sp3 inter-
wall bondings and nonbonding atomic interactions in
DWCNTs are expressed by the reactive empirical bond order
(REBO) potential18 and Lennard-Jones 12-6 potential,19
respectively. This REBO potential has been widely employed
to study the mechanical properties of CNTs.7,14–17,20–22 The
initial equilibrium configurations of DWCNTs with or with-
out sp3 bonds are accomplished by the conjugate gradient
minimization method. The fifth-order Gear’s predictor-
corrector integration scheme is adopted with a time step of
1 fs for the integration of equations of motion. The environ-
mental temperature of the simulations is maintained at 1K by
using the Berendsen thermostat23 to eliminate the effect
of thermal fluctuations. In order to apply a pure bending to
the DWCNT, a constant bending angle of 0.50 is applied
globally to all atoms in the inner and outer tubes, except for
the atoms at the bottom ends. By doing so, one obtains a
global curvature of 1:2 103 nm1. After each increment
of bending angle, the entire DWCNT is fully relaxed for 6 ps
(i.e., 6000 time steps with each time step of 1fs), while keep-
ing both ends fixed. The bending and relaxation procedure
is repeated until the desired bending curvature is reached.
The details of this procedure are given in the paper by Chang
and Hou.24
It is noted that the REBO potential overestimates the
carbon-carbon bond length at the covalent interaction cutoff
distance of 1.7 A˚. This shortcoming, however, does not
affect the conclusions of the present study because we inves-
tigate the bending-buckling behavior of DWCNTs. The lon-
gest bond length occurs in the interlayer sp3 bond with a
bond length of approximately 1.54 A˚. As this bond length
is smaller than 1.7 A˚, it is not necessary to adjust this magni-
tude in the present simulations.
III. RESULTS AND DISCUSSION
The effect of sp3 bonds in DWCNTs is examined by
comparing the MD simulation results of DWCNTs with and
without sp3 bonds at a low temperature of 1K. The relation-
ship between the strain energy and the bending curvature for
all the DWCNTs under consideration is similar. As an illus-
tration, we present the results of the pristine DWCNT and
DWCNTs with small and relatively large densities of sp3
bonds (i.e., 0.55% and 3.89%) in Fig. 2. As it can be seen
from Fig. 2, the strain energy increases as a quadratic func-
tion of the bending curvature before the onset of buckling,
indicating a linearly elastic deformation of the DWCNT
under pure bending. Once the critical bending curvature is
reached, an inflection appears in the strain energy curve. At
the critical curvature, the DWCNT experiences an abrupt
drop in the strain energy. However, this energy change is not
as noticeable as in the case of axial compression.20,21 This is
attributed to the fact that only the inner sides of the tubes are
subjected to compression whereas the outer sides of the tubes
are under tension when the DWNCT undergoes pure bend-
ing. The morphological changes at three different bending
FIG. 1. (Color online) Off-axis view of the relaxed (5,5)/(10,10) DWCNTs
with sp3 interwall bonds regularly distributed in an array along its length.
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curvatures for the DWCNTs with 3.89% sp3 bonds are plot-
ted in Fig. 3 for illustration. Below the critical bending cur-
vature, both inner and outer tubes undergo a shortening on
the inner arc and a stretching on the outer arc. At the critical
bending curvature, the DWCNT buckles with a kink in the
compressed arcs (see Fig. 3(b)) accompanied by a drop in
the strain energy as shown in Fig. 2. Further increase in the
bending curvature drives the kink inside toward the stretched
outer arcs as shown in Fig. 3(c).
As highlighted in Fig. 2, points A, B and C represent the
critical buckling points for the pristine DWCNT, DWCNTs
with 0.55% and 3.89% sp3 bonds, respectively. The corre-
sponding critical bending curvatures for these three
DWCNTs are 0.0674, 0.0662, and 0.0796 nm1, respec-
tively. It is readily seen from the results that the introduction
of the sp3 bonds in DWCNT does not necessarily improve its
buckling capacity. This result was not reported elsewhere
because relatively larger density of sp3 bonds was always
considered in the literature.7,16,17 When the density of sp3
bonds is low, say 0.55% (corresponding to 5 sp3 bonds), the
critical bending curvature of the DWCNT decreases rather
than increases when compared to the critical bending curva-
ture of its pristine counterpart. The introduction of 0.55% sp3
in the DWCNT leads to a 1.786% reduction in the critical
bending curvature. This unusual phenomenon can be
explained from the initial deformation caused by the pres-
ence of sp3 bonds. When the sp3 bonds are initially created
by moving two neighboring atoms in the inner and outer
tubes, the tubes lose their smooth surfaces as shown in
Fig. 1. These geometrical imperfections near the individual
sp3 bonds give rise to the initial perturbation for the bending
deformation of the DWCNTs and thereby make them more
sensitive to external bending (provided that the density of
sp3 bonds is low). In fact, the presence of sp3 bonds produces
contrary effects on the buckling capacities of DWCNTs. One
effect is positive stiffening due to the sp3-induced shear cou-
pling between the adjacent walls in DWCNTs. The other
effect is a negatively adverse one due to the geometrical
imperfections associated with the creation of sp3 bonds.
When relatively few sp3 bonds are introduced, the adverse
effect is more pronounced. Consequently, the onset of buck-
ling is speeded up. In other words, the buckling capacity of
DWCNT with low sp3 bonds is reduced rather than
enhanced. With increasing sp3 bonds, the stiffening effects
of interwall sp3 bonds eventually overcome the effect of the
negative initial imperfections, thereby boosting the buckling
capacities of DWCNTs under bending significantly. For
example, the critical bending curvature of DWCNT with
3.89% sp3 bonds increases by 18% when compared with its
pristine counterpart. It is expected that more sp3 bonds will
create additional perturbations to the geometry of DWCNT,
but this adverse effect can be compensated by sp3 bonds
stiffening effect.
The foregoing analysis confirms that the presence of
interwall sp3 bonds in MWCNTs does enhance the capability
of MWCNTs in resisting bending, which is consistent with
the cases of MWCNTs under axial compression7 and tor-
sion.17 The presence of certain sp3 bonds in the adjacent
walls in MWCNT does not only reinforce the interwall inter-
action via the strong sp3 bonding, but these bonds also
reduce the interwall distance. This in turn considerably
enhances the nonbonding vdW interaction between the adja-
cent walls. The interwall coupling due to the presence of sp3
bonds facilitate the MWCNT to resist interwall sliding and
thereby increasing the buckling capacity significantly. It is
confirmed by Xu et al.25 and Zhang et al.26 that the
MWCNTs can be strengthened by condensing their interwall
distances. The mechanical properties of these condensed
MWCNTs, such as Young’s modulus, interwall shear modu-
lus, tensile strength and buckling strains are found to be
remarkably improved.25,26
In order to gain a better insight into the effects of inter-
wall sp3 bonding, additional MD simulations were carried
out on DWCNTs with sp3 bonds varying from 0.33% to
15%. The relationships between the critical bending curva-
ture ratio k and the density of sp3 bonds are plotted in Fig. 4.
Here, k is defined as the ratio between the critical bending
curvature of DWCNTs with and without sp3 bonds. As it can
be seen from Fig. 4 that when the density is relatively small,
FIG. 2. (Color online) Relationship between strain energy and bending cur-
vature for DWCNTs with and without sp3 bonds.
FIG. 3. (Color online) Morphology of DWCNTs with 3.89% sp3 bonds at
three different curvatures (a) 0.0482 nm1 before buckling, (b) 0.0796 nm1
at buckling and (c) 0.0892 nm1 post buckling.
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i.e., 1.67% (corresponding to 15 sp3 bonds), the ratio k is
smaller than unity, implying that the critical bending curva-
ture of sp3 decorated DWCNT is smaller than that of the
pristine one. The adverse effect of the initial local deforma-
tion is dominant in the case of a low sp3 distribution density.
For example, the DWCNT with two randomly distributed
sp3 bonds possesses a critical bending curvature of 0.0638
nm1, which is smaller than 0.0674 nm1 for the pristine
one. The introduction of these two random sp3 bonds in the
DWCNT leads to a 5.34% reduction in the critical bending
curvature.
When the distribution density is greater than the thresh-
old value of 1.67%, the ratio k is greater than unity, indicat-
ing a larger critical bending curvature for the sp3 decorated
DWCNTs. Furthermore, the degree of the improvement in
the bending curvature is determined by the density of sp3
bonds. Figure 4 also reveals that the ratio k in this region is
approximately linearly dependent on the density of sp3
bonds. The increasing fraction of sp3 bonds exerts a stiffen-
ing effect on the DWCNTs via the increase of interwall shear
modulus,7 which can overcome the adverse effects associ-
ated with the initial structural deformation. When the density
reaches 15%, the critical bending curvature of the DWCNT
is 0.0991 nm1, which is 47% higher than that of the pristine
one. It is evident that the buckling capacity of DWCNTs can
be markedly improved by introducing a suitable fraction of
sp3 bonds.
MD simulations are also carried out at 300K so as to
investigate the thermal effects on the DWCNTs with sp3
bonds. When the temperature is elevated from 1K to 300K,
the critical bending curvatures for all the DWCNTs decrease,
especially for the pristine one. Similar to the cases for axial
compression27 and torsion,28 the pristine DWCNT under
bending is albeit more sensitive to the thermal fluctuation
than the DWCNTs with sp3 bonds. Therefore, the stiffening
effects of sp3 bonds are more distinct in a higher thermal
environment. For example, the presence of 15% sp3 bonds in
DWCNT at 300K leads to 55% enhancement in the critical
bending curvature over its pristine counterpart, which is
higher than 47% associated with 1K as shown in Fig. 4. As
pointed out in previous studies,27,28 a rising temperature will
exert positive influences on the defective CNTs, which in
turn mitigate the adverse effects caused by the initial struc-
tural imperfection due to defects. Likewise, the rising tem-
perature can diminish the negative effects of sp3 bonds,
making their stiffening effects more distinguishable. It is
readily seen from Fig. 4 that the ratios k are greater than
unity for all DWCNTs except for the first case with the low-
est density (corresponding to two sp3 bonds). In spite of this,
similar conclusions are reached based on the simulation
results at 300 K, that is, the presence of sp3 bonds can signifi-
cantly enhance the capability of DWCNTs in resisting exter-
nal bending moment and the degree of the enhancement is
increased with increasing density of sp3 bonds.
The foregoing analysis is based on the simulation results
of the (5,5)/(10,10) DWCNTs with length of 72.5 A˚. Next,
further simulations at 1K are performed on 121.6 A˚-long
(5,5)/(10,10) DWCNTs under bending so that we can exam-
ine the combined effects of sp3 bonds and length. For the
pristine CNTs, the critical bending curvature decreases with
increasing length. The critical bending curvature for the slen-
der pristine DWCNT is 0.0493 nm1, which is significantly
smaller than 0.0674 nm1 for the shorter one. It is in agree-
ment with the theory of structural mechanics that slender
beams with larger aspect ratios are more sensitive to the
external perturbation and consequently more susceptible to
buckling. The simulation results at 1K for these two
DWCNTs with different lengths are illustrated in Fig. 5 for
easy comparison. As demonstrated in Fig. 5, the conclusions
arrived at for the shorter DWCNTs in the previous sections
hold true for the longer ones, i.e., the presence of small
amount of sp3 bonds will cause the reduction of the bending
capacity due to the structural imperfection. However, this
imperfection will soon be overtaken by the stiffening effects
associated with the increasing number of sp3 bonds. At a
lower density level, the bending curvature ratio k of the lon-
ger DWCNT is smaller than that of the shorter one, indicat-
ing that the longer DWCNT experiences a larger reduction
in the critical bending curvatures since they are more sensi-
tive to the external perturbation induced by the sp3 bonds
between the adjacent tubes. This also agrees with the predic-
tion of structural mechanics theory. When the distribution
FIG. 4. (Color online) Relationship between critical bending curvature ratio
k and density of sp3 bonds in DWCNTs at different temperatures.
FIG. 5. (Color online) Relationship between critical bending curvature ratio
k and density of sp3 bonds in DWCNTs with different lengths.
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density is increased to a moderate level, the critical bending
curvature of the slender DWCNTs begins to increase rather
than decrease, similar to the shorter ones. But the ratio k for
the two sets of DWCNTs is close to each other. At the high-
est density level under consideration (15.7%), the ratio of the
slender DWCNT is larger than that of the shorter one. In
general, the sp3 bonds exert more influence on slender
DWCNTs, either in the negative way or in the positive way,
as shown in Fig. 5. Based on the foregoing analysis, it is con-
firmed that it is easier to alter the stiffness of longer CNTs
since they are more sensitive to the external perturbation.
This finding will facilitate the application of CNTs, espe-
cially MWCNTs as reinforcement fibers in nanocomposites.
Usually, the CNT-based nanocomposites produced in experi-
ments consist of long MWCNTs. But the properties of CNT-
composites are not improved as much as expected, partly
due to the fact that the weak vdW interaction between the
tubes makes the inner tubes fail to fully participate in resist-
ing deformation during the loading process. As evidenced in
the present study, the properties of long MWCNTs can be
enhanced significantly via the introduction of sp3 bonds. Cer-
tain amount of sp3 bonds will allow the inner tubes in
MWCNTs to carry loads. Consequently, the overall proper-
ties of the CNTs as well as the resulting strength of the
CNT-based composites are improved substantially.29 Fur-
thermore, based on the analysis of longer DWCNTs, we can
predict that the DWCNTs with the same length but larger
diameters are less sensitive to the presence of sp3 bonds. In
other words, slender DWCNTs with larger aspect ratios are
more readily engineered and exhibit better flexural properties
via the sp3 bonding.
It is worth noting that most of DWCNTs under consid-
eration contain uniformly distributed sp3 bonds along the
length (see Fig. 1) rather than randomly distributed ones as
in Refs. 7, 8, 14, 15, 29, and 30. Attempts have also been
made to characterize the bending behaviors of DWCNTs
with randomly distributed sp3 bonds but keeping the density
at 1.78% (which corresponds to 16 sp3 bonds in the 72.5 A˚-
long DWCNTs). By considering four different distribution
patterns, it is found that the critical bending curvatures are
closely related to the number of sp3 bonds distributed at the
compressed side of DWCNTs. More sp3 bonds at the com-
pressed side will enhance resistance to external bending,
and thereby produce a higher buckling curvature. The high-
est buckling curvature among the four cases is 0.0747 nm1
with eight sp3 bonds located on the compressed side of
DWCNT. However, the critical buckling curvature is as
low as 0.0626 nm1 when only three sp3 bonds are located
at the compressed side. For the other two cases with the
same sp3 bonds at the compressed side, the critical buckling
curvatures are almost the same, with a marginal difference
of 1.7%. The morphologies of the DWCNTs with these four
random sp3 bonds distributions are shown in Fig. 6. Since
the critical buckling curvatures are different for these four
cases except for the two middle cases shown in Figs. 6(b)
and 6(c), the buckling modes are slightly different. The
DWCNT with the lowest critical buckling curvature has
the longest arc lengths as shown in Fig. 6(a). In contrast,
the DWCNT shown in Fig. 6(d) has the highest critical
buckling curvature and thus the arc length is the shortest. It
is clearly seen that the bending behaviors of DWCNTs with
sp3 bonds are not only dependent of the sp3 bonds density,
but also on their distribution patterns (or more precisely,
the number of sp3 bonds at the compressed side of
DWCNTs). This observation is in agreement with Byrne
et al.30 findings. By employing an analytical shear lag
model for MWCNTs under tensile loading, Byrne et al.30
found that optimal load transfer can be realized when sp3
bonds is uniformly distributed axially, and all interwall
regions have the same shear stiffness.
FIG. 6. (Color online) Morphologies of DWCNTs with 1.78% randomly distributed sp3 bonds in four different cases at their corresponding critical buckling
curvatures (a) lowest 0.0626 nm1; (b) moderate 0.0662 nm1; (c) 0.0674 nm1 close to (b); (d) highest 0.0747 nm1.
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In this study, the sp3 bonds under consideration are uni-
formly distributed in an array along the length as shown in
Fig. 1. By doing so, the effect of distribution patterns is elimi-
nated and thus the effect of the density can be examined. It is
worth pointing out that the effects of sp3 bonds on the bending
behaviors of DWCNTs is dependent on the distribution pat-
terns but this is not the case for DWCNTs under axial loading
as supported by our MD simulations on DWCNTs under axial
compression. When subjected to axial loading, the DWCNTs
with sp3 bonds will experience axial deformation uniformly
and thus they are insensitive to the distribution pattern of sp3
bonds (provided that the density is the same). This may be the
main reason why researchers in the literature adopted ran-
domly distributed sp3 bonds to investigate their effects on the
axially loaded MWCNTs.7,8,14,15,29,30
IV. CONCLUSIONS
The presence of sp3 bonds in a DWCNT, under pure
bending, may lead to either a weakening effect or a stiffening
effect. At a low distribution density level, the structural imper-
fection induced by sp3 bonds gives rise to additional perturba-
tion to the DWCNT and causes a reduction in the critical
bending curvature. However, this adverse effect can be over-
shadowed by the positive stiffening effect accomplished by
more sp3 bonds. The present study shows that the effects of
sp3 bonds are dependent on temperature as well as the length
(and aspect ratio). For the DWCNTs with the same density
level but randomly distributed sp3 bonds, the bending behav-
iors are also influenced by the distribution pattern, i.e., the
number of sp3 bonds at the compressed side of DWCNTs. It is
evidenced from the present study that the performance of
MWCNTs-based nanocomposites can be greatly improved by
carefully controlling the interwall bonding.
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